A variety of mechanisms are involved in sex determination in vertebrates. The orange-spotted grouper (Epinephelus coioides), a teleost fish, functions first as females and later as a male and is an ideal model to investigate the regulation of sexual fate. Here, we report female-to-male sex reversal in juvenile orange-spotted groupers caused by overexpressing anti-Müllerian hormone (Amh). Tissue distribution analyses showed that amh and amhrII primarily expressed in the gonad, and expression level in the testis was much higher than that in the ovary. In gonads, the expression of amh was located in the Sertoli cells around spermatogonia of the testis and in the zona pellucida of the mature ovary, and the expression of amhrII was located in the Sertoli cells of the testis and in the oocytes of the ovary. Decrease in female-related genes and serum 17β-estradiol level, increase in male-related genes and serum 11-ketotestosterone, ovarian regression, and spermatogonia proliferation were observed during plasmid feeding experiment. These results illustrate that amh overexpression plasmid feeding can induce a female-to-male transition in grouper.
Introduction
In teleost fish, sex determination is a plastic process that is usually governed by the interaction between genetic (genetic sex determination) and environmental (environmental sex determination) factors. A variety of environmental factors, such as hormones, temperature, pH, breeding density, light intensity, and hypoxia, may affect the sex determination pathway [1] [2] [3] . When the sex determination "switch" is initiated by the master sex-determining gene, a genetic network of sex determination and differentiation that is composed of conserved sex differentiation genes is activated. Its downstream sex-related genes regulate the expression of sex steroid hormones and thereby direct the development of functional gonads with the sex phenotype [4, 5] .
Anti-Müllerian hormone (AMH), also known as Müllerian growth substance, belongs to the TGF-β (transforming growth factor beta) superfamily and is involved in the development of male embryos. Like other TGF-β family members, AMH binds to the type II AMH receptor (AMHRII), which forms a heterodimer with the type I AMH receptor (AMHRI). Bound by AMH, AMHRII phosphorylates AMHRI with its serine/threonine kinase activity, and thereby the Smad signaling pathway is activated [6] [7] [8] [9] [10] . In mammals, AMH has been implicated in male sex differentiation, female follicular development, and steroidogenesis in both sexes [11] [12] . Although the "anti-Müllerian duct" effects of AMH have been primarily emphasized in higher vertebrates, this protein is a phylogenetically conserved signaling molecule and has been identified in many teleost fish species that lack a Müllerian duct, such as Japanese eel (Anguilla japonica) [13] , Japanese flounder (Paralichthys olivaceus) [14] , zebrafish (Danio rerio) [15] , medaka (Oryzias latipes) [6] , and others [16] . A duplicated copy of amh on the Y sex chromosome (amhY) is the master sex determinant in Atherinopsidae (Odontesthes hatcheri) [17] and Nile Tilapia (Oreochromis niloticus) [18] . In addition, mutations of amhrII in medaka (Oryzias latipes) and Japanese Pufferfish (Takifugu rubripes) were found to result in male to female sex reversal [19] [20] [21] . Therefore, amhY/amhrII play a critical role in the regulation of sex determination in fish.
The orange-spotted grouper (Epinephelus coioides) is a protogynous hermaphroditic fish that is economically valuable and widely cultured in southern Asia [22] . The orange-spotted grouper is confirmed as protogynous, most orange-spotted grouper first matured as females at the age of 4-5 years and then some of the grouper could be sex reversed from females to males [23] [24] [25] [26] . The primary oocytes were observed in the gonad of 1-3 years old grouper [27] . It can be used as a model to study vertebrate sex differentiation and sex reversal.
Our previous studies of grouper revealed that the expression of amh in sex-reversed males after sex reversal is much higher than that in females before the sex reversal, which highlights the importance of the amh gene in sex reversal (unpublished data); these results of our research are consistent with other teams' results [28] . In the present study, we analyzed the distributions of amh and amhrII in different tissues and also located the distributions of amh and amhrII in different stages of gonad development in adult orange-spotted grouper. The expression patterns of Amh and amhrII in the gonad were determined with immunohistochemistry and in situ hybridization, respectively. Amh overexpression plasmid was packaged for feeding experiments to explore the potential role of amh in the sexual reproduction of grouper. Our results shed light on the molecular regulation mechanism of sex reversal in marine fish, deepen our understanding of sex reversal, and ultimately may provide guidance for innovations in grouper culture technology.
Materials and methods

Animal and tissue sampling
The juvenile monofemale grouper is an advantageous model ani-mal used to investigate the regulation of sexual fate. For plasmid feeding experiments (the feeding experiment was 36 consecutive days, not just 1 day), female orangespotted groupers, whose sex was determined by a gonadal biopsy, with an age of 1.5 years, a body weight of 0.8-1.0 kg, and a body length of 34.5-40.5 cm were obtained from the Daya Bay Fisheries Development Center(Huizhou, China).
The remaining experimental grouper samples obtained from the Daya Bay Fisheries Development Center (Huizhou City, Guangdong Province, China) were derived from different developmental stages (from ovarian development to mature testis) of normal feeding except plasmid feeding experiment. We also draw profiles of gonadal development in grouper ( Figure 1A ).All animal experiments were conducted in accor-dance with the guidelines and approval of the A nimal Research and Ethics Committee of Sun Yat-Sen University.
The packaging of recombinant amh overexpression plasmid for feeding experiments to study the sex reversal process
To construct amh overexpression plasmid, the sequence of amh was cloned into pcDNA4.0 (+) vectors (Invitrogen, Carlsbad, CA). The plasmids were then encapsulated by liposomes, which were formed by thin film hydration using DOTAP (Sigma) and cholesterol (Sigma). The preparation of liposomes was modified from our previous study [29] . Briefly, DOTAP and cholesterol were heated to 70
• C followed by a 2-h water bath at 65
• C and a 10-min ultrasonication at 25
• C. The mixture was extruded through a 100 nm membrane filter before empty pcDNA4.0 (+) plasmid or pcDNA4.0 (+)-amh plasmid were encapsulated by a 30-min ultrasonication at 25
• C. The concentration of the construct was 20 μg/μL.
The fish were randomly divided into three groups-the control group (n = 30), the empty plasmid (empty pcDNA4.0 (+)) feeding group (n = 30), and the amh overexpression plasmid (pcDNA4.0 (+)-amh) feeding group (n = 30)-and were cultured in seawater tanks separately. The control group was fed a normal commercial diet, the empty plasmid feeding group was fed a diet containing an empty plasmid (1 mL/kg feed), and the amh plasmid feeding group was fed a diet mixed with amh overexpression plasmid (1 mL/kg feed). Six random individuals from each group were sacrificed at 9 days after treatment (dat), 18 dat, 27 dat, and 36 dat. Gonadal tissues and serum samples were collected.
RNA isolation and gene expression profile analysis
Total RNA was extracted from the organs of orange-spotted grouper using TRIzol reagent (Invitrogen). The cDNA was produced from 500 ng total RNA using the ReverTra Ace α-first strand cDNA Synthesis Kit (TOYOBO, Osaka, Japan) and used as the template in the subsequent real-time polymerase chain reaction (PCR) analyses. The specific primers used in this study are listed in Table 1 . The Amh and amhrII mRNA levels were quantified with quantitative real-time PCR. β-actin was used as the internal control. Data are expressed as the mean ± S.E.M from six fish samples. Statistical differences were estimated using Student tests or one-way ANOVAs followed by Tukey tests (SPSS Software); a probability level ( * * * P < 0.01) or different letters denote statistically significant differences.
transcription levels of the target genes (anti-mullerian hormone (amh), typeII anti-mullerian hormone receptor (amhrII), ForkheadboxL2 (foxl2), aromatase gonad form (Cyp19a1a), doublesex and mab-3-related transcription factor 1 (Dmrt1), sex determining region y-box 9 (sox9), 11β-hyddroxysteroid dehydrogenase taye2 (hsd11b2), and 11beta-hydroxylase (Cyp11b)) were measured using the SYBR Green PCR Master Mix Kit (ABI, Vernon, CA) using an ABI Real-Time PCR Fast System (ABI). The quantitative real-time-PCR conditions were as follows: denaturation at 95
• C for 5 min, followed by 40 cycles of 95
• C for 15 s, 58
• C for 20 s, 72
• C for 20 s, and then 84
• C for 10 s (fluorescent data collection). All mRNA quantification data were normalized to β-actin and expressed as fold differences in target gene expression relative to the control.
Gonad histology analysis
Gonads were dissected, fixed in Bouin solution for 24 h at room temperature, dehydrated, and embedded in paraffin. All tissue blocks were sectioned at 5 μm by slicing machine (Leica RM2235, Germany) and stained with hematoxylin and eosin for gonadal histology analysis. 
Serum 17β-estradiol (E 2 ) and 11-ketotestosterone (11-KT) assays
Blood samples were collected from the caudal vein of fish from each group. Serum samples were collected after centrifugation and stored at -20 • C. Serum E 2 and 11-KT levels were measured using EIA Assay kits (Cayman Chemical Company, Ann Arbor, MI).
Amh antiserum preparation, western blot, and immunohistochemistry analysis
A fragment of the orange-spotted grouper amh cDNA was amplified using specific primers (shown in Table 1 ) and was inserted into pET-32a (+) expression vectors. Expression of recombinant amh protein was induced in Escherichia coli (DE3). The purification of expressed proteins was performed using a His-tag purification kit (Novagene, Chula Vista, CA) according to the manufacturer's protocol. The preparation of polyclonal rabbit anti-Amh antibody was performed following the protocol described by the previous study with minor modifications [30] . White rabbits were first injected with complete Freund adjuvant (Sigma) at the vola. One week later, 500 μg of purified protein emulsified in complete Freund adjuvant was injected into the swollen lymph node. After the first injection, two booster injections were given containing the same amount of antigen but using incomplete Freund adjuvant (Sigma) each week. The rabbits were bled 2 weeks after the last booster injection, and serum samples were stored at -80
antibody was provided by Dr Qing Wang of our laboratory [27] . Western blot analyses were carried out to evaluate the specificity of the rabbit anti-Amh antibody (1:2000 dilution; present study) where tissue extracts from the liver, kidney, brain, ovary, testis, and different developmental stages in gonads were detected. For plasmid feeding experiment, western blot analyses were performed using rabbit anti-Amh antibody (1:2000 dilution; present study), His-tag antibody (1:3000 dilution; RRID: AB 11232599; proteintech), and β-actin antibody (1:5000 dilution; RRID: AB 2289225; proteintech) to detect the expression of amh and accumulation of plasmid in the gonads and serum (Table 3) .
Immunohistochemical analyses were performed as described previously [31] . We were carried out using rabbit anti-Amh antibody (1:200 dilution; present study) to locate the expression of amh in gonads of different development stages or using rabbit anti-Dmrt1 antibody (1:200 dilution; our own antibody) [27] to detect the emerge of spermatogonia in gonads of plasmid feeding fish. Photographs of the samples were taken under a Nikon light microscope 170 (Japan).
Probe synthesis and in situ hybridization
AmhrII did not generate antibodies and therefore was located by in situ hybridization. The fish used for in situ hybridization were an adult female and male grouper. The whole gonad was fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.0), kept at 4
• C overnight, and cryoprotected in 30% sucrose-PBS buffer for 14 h at 4
• C. The gonad was embedded in Tissue-Tek OCT compound (Sakure, Japan), and the gonad was cross-cut into slices with a thickness of 7 μm for the ovaries and 10 μm (in order to maintain normal form) for the testis with a frozen microtome (Leica, Germany). Sense and antisense probes (primers showed in Table 1 ) were synthesized with a DIG RNA Labeling Mix (Roche, Switzerland) according to the manufacturer's protocol. The slides were permeabilized three times with PBT (PBS solution containing 0.1% Tween-20) for 10 min and then treated with proteinase K in PBT (10 μg/ml) for 10 min at room temperature, refixed in 4% PFA, and hybridized with sense and antisense probes of orange-spotted grouper amhrII at 58
Following hybridization, the slides were washed and blocked with 2% fresh normal sheep serum. Probes were detected with an alkaline phosphatase conjugated anti-DIG antibody (Roche, Mannheim, Germany), and stained using the NBT/BCIP reagent (Roche). Photographs of the samples were taken under a Nikon light microscope 170 (Japan).
Statistical analyses
All data are expressed as the mean ± standard error of the mean (S.E.M), statistical differences were estimated using Student tests or one-way ANOVAs followed by Tukey tests (SPSS Software), a probability level ( * * * P < 0.01) or different letters denote statistically significant differences.
Results
Tissue distribution of amh and amhrII
Profiles of gonadal development in grouper were shown in Figure 1A .
Amh and amhrII expression in gonads at different developmental stages was also analyzed. The samples in different developmental stages in gonads come from normal feeding grouper. Amh and amhrII in the testis stage were significantly increased compared to other periods ( Figure 1B and C) . The samples of different organs come from the adult females (VO stage) and adult males (T stage) grouper. The tissue expression pattern of amh and amhrII mRNA was analyzed by quantitative RT-PCR normalized to β-actin. Amh was primarily expressed in gonads and the expression in the testis was much higher than that in the ovary. Low amh expression could also be detected in the intestine, kidney, heart, brain, pituitary, and skin, while no expression could be detected in the liver, stomach, gills, muscle, and spleen. ( Figure 1D ). AmhrII showed the highest expression in the gonads, while the testis had a higher expression level than the ovaries. Low amhrII expression could also be detected in the heart, kidney, brain, pituitary, and skin. The amhrII expressions in the liver, intestine, stomach, gills, muscle, and spleen were undetectable. (Figure 1E ).
Immunohistochemistry and western blot for Amh
To investigate the cellular origin of germ cells, we examined Amh expression using immunohistochemistry (IHC). The samples in different developmental stages in gonads come from normal feeding grouper (from ovarian development to mature testis). IHC staining revealed that Amh signals were detected in the zona pellucida in the VO stage and MO stage, while slight or absent in the PO stage (Figure 2A-F) . In contrast, strong Amh signals were found in the Sertoli cells around the spermatogonia in the IP, TP, and T stages ( Figure 2G and L) . The different developmental stages of IHC results can correspond to the profiles of gonadal development in grouper ( Figure 1A ). The specificity of the grouper anti-Amh antibody that we used was confirmed via western blot. The Amh signals were only detected in the gonads (high in testes and low in the ovary) and were not found in other tissues, such as the liver, kidney, and brain ( Figure 2M ). We also examine the expression pattern in different developmental stages via western blot and the results are consistent with the qPCR results ( Figure 2N ).
In situ hybridization for amhrII in grouper gonads
In situ hybridization results showed that expression of amhrII in the ovary occurred mainly in the follicular cells ( Figure 3B and C) . AmhrII began to appear during the period of testis differentiation and was highly expressed in the Sertoli cell region around spermatogonia ( Figure 3E and F) . A negative control was provided ( Figure 3A and D). 
Overexpressing Amh detection in the amh plasmid feeding group in vivo
To explore the effect of the feeding experiment, we applied western blot to detect the expression of the His-tag and Amh in vivo; β-actin was used as an internal control. The His-tag could be detected in the gonad in all sample-taking day (9, 18, 27, and 36 dat) in both the empty plasmid feeding group and amh plasmid feeding group, but not in the control group, indicating that the delivery system using commercial food mixed with plasmid and liposomes solutions is effective to the grouper. Furthermore, we examined the Amh expression in the gonads in the three groups, and the results showed that the Amh has a significant increase in the amh plasmid feeding group in all sample-taking day but not in the other two groups. There results showed that Amh could overexpress in the amh plasmid feeding group in vivo, importantly in the gonad ( Figure 4A and B). All in all, overexpressing Amh level could be detected in the gonad after amh plasmid feeding.
Amh overexpression induced female-to-male sex reversal
The gonad status of each individual was tracked by histology during the feeding experiments. From 9 to 36 dat, the gonads exhibited normal ovary structures in the control group and the empty plasmid feeding group (Figure 5A-H) . In contrast, the gonads had apparent structure change in the amh plasmid feeding group: at 9 dat, the gonads had normal ovary structures ( Figure 5I ). at 18 dat, one fish gonad showed slighted regression [28] , but the others fish gonads were still normal ( Figure 5J ). at 27 dat, half of the gonads had regressed and meanwhile some gonia-like cells appeared ( Figure 5K and L). At 36 dat, all the ovaries had emerged a large number of gonia-like cells; surprisingly two fish appeared spermatocytes obviously ( Figure 5M and N) . The statistical table of gonadal status at each sample-taking time after plasmid feeding experiment was shown in Table 2 .
Dmrt1 is a male-specific gene in grouper [1] , and Dmrt1 protein exists only in spermatogonia, primary spermatocytes, and secondary spermatocytes in orange-spotted grouper [30] . To confirm our speculation that the gonia-like cells were spermatogonia, we examined Dmrt1 expression using IHC. Dmrt1 signals were not detected in the control group and empty plasmid feeding group (Figure 6B , D, F, and H), but a positive Dmrt1 signal was found in the amh plasmid feeding group ( Figure 6K , L, O, and P). Furthermore, strong Dmrt1-positive signals were observed in the gonia-like cells in the 27 ( Figure 6K and L) to 36 dat ( Figure 6O and P). These results showed that those fish had a male tendency after feeding the amh plasmid, which supports our notion that overexpressed Amh could induce female-to-male sex reversal in orange-spotted grouper. Gene expression and serum steroid hormone level changes during amh plasmid feeding induced sex reversal
We next analyzed the gene expression profiles of key sex differentiation genes during the amh plasmid feeding experiment induced sex reversal. Amh expression significantly increased from 9 dat to 36 dat ( Figure 7A ), amhrII expression significantly increased from 27 dat to 36 dat ( Figure 7B ), and sox9, dmrt1, cyp11b, and hsd11b2 expression significantly increased from 18 dat to 36 dat ( Figure 7C-F) . However, cyp19a1a and foxl2 expression significantly decreased from 27 dat to 36 dat ( Figure 7G and H). These results indicate that amh plasmid feeding stimulated male pathway gene expression (sox9, dmrt1, cyp11b, and hsd11b2) and suppressed female pathway gene expression (cyp19a1a, foxl2). For many fishes, a balance between endogenous estrogens and androgens maintains their sexual identity. Steroidogenesis plays a critical role in fish sex determination and differentiation [27] . Estrogen plays an important role in maintaining ovarian development [27] , and decreased E2 levels may lead to the degradation of female germ cells, and then further disrupted ovarian development. At the other hand, 11-KT plays a critical role in maintaining the testes. In amh plasmid feeding fish, serum E2 had a significant decrease in the 36 dat while serum 11-KT had a significant increase in the 36 dat comparing with the control fish and the empty plasmid feeding fish ( Figure 8A and B) . Wu et al. put forward the concept that sexual fate determination (secondary sex determination) is regulated by endogenous sex steroid levels [28] . So, the sex reversal may be driven by the decreased the estrogen levels and the increased androgen levels in amh plasmid feeding group consequently.
Discussion
In mammals, AMH plays an important role in primordial follicle recruitment and folliculogenesis [37, 38] . In contrast to mammals, in teleost fishes the amh role in ovary remains largely unknown on account of the expression of amh in different species of fish is different. In some fish species, the expression of amh is at higher levels in the male gonads compared with those of females during the process of gonadal sex differentiation like in Japanese flounder [14] , medaka [6] , and rainbow trout [39] . On the other hand, in zebrafish, both adult males and females have the expression of amh [15] , but amh gene showed testis-specific expressions in eels [40] . Our study found a low expression of amh/Amh in the female, and the expression gradually increased in the transition phase of female-to-male sex change in grouper. We speculate that although the expression of amh in the ovary is much lower than that in the testis, amh also plays a role in regulating ovarian development, but the role of amh in ovary requires a more in-depth study.
The amh gene that is involved in the sexual determination in fish is similar to those in vertebrates, which suggests a conservation of sexual determination pathways. P450 aromatase (cyp19a1a) is the most important steroidogenic enzyme for ovarian differentiation due to its essential role in the production of 17β-estradiol, which is believed to be the major sex hormone for inducing and maintaining ovarian development in fish [4] . The AMH protein is known to directly inhibit cyp19a1a expression in mammals, and an inverse association between amh and cyp19a1a expression is reported in numerous fishes, including Japanese flounder (Paralichthys olivaceus) [32] , pejerrey (Odontesthes bonariensis) [33] , rainbow trout (Oncorhynchus mykiss) [34] , southern flounder (Paralichthys lethostigma) [35] , and zebrafish (Danio rerio) [36] . Amh levels are inversely expressed with respect to cyp19a1a expression at certain stages of sex differentiation in some fish species [15, 33, 34, 36, 41] ; an inverse association between amh and cyp19a1a expression was also found in our study, but it is not clear whether amh directly downregulates cyp19a1a expression. The previous study showed that in teleost fish, dmrt1 and its orthologs have been observed to be involved in male sex determination and spermatogenesis [30, [42] [43] [44] . Dmrt1 has the ability to reprogram the fate of sexual cells in the ovary [45] . The role of the downstream regulatory gene dmrt1 in sex determination is evolutionarily conserved [46] . In our work, we found that amh overexpression in vivo promotes the dmrt1 expression. Based on this, we concluded that dmrt1 has the same potency in fish. Although a causal relationship cannot be established from our data, our results suggest that amh may play an important role in Figure 7 . Expression profiles of key sex differentiation-related genes in the gonads during the amh overexpression plasmid feeding experiment. (A-F) Gene expression of amh (A), amhrII (B), sox9 (C), dmrt1 (D), cyp11b (E), hsd11b2 (F), cyp19a1a (G), and foxl2 (H) during amh overexpression plasmid induced sex reversal. β-actin was used as the internal control. Data are expressed as the mean ± S.E.M from six fish samples. Statistical differences were estimated using one-way ANOVAs followed by Tukey tests (SPSS Software), and different letters denote statistically significant differences.
initiating protogynous sex change by suppressing gonadal aromatase expression and/or activating a male-specific expression pathway.
Estrogens or androgens are widely used in aquaculture to manipulate gender (for example, if one sex is preferred for economic reasons), but as pollutants, they can be serious threats to natural populations. In our study, sex change began at 27 dat in the amh overexpression plasmid feeding group, and in methyltestosterone (MT) feeding group the sex change began at the 24 dat [27] . We concluded that amh is comparable to MT in inducing sex reversal. Therefore, it may be possible to use amh as a surrogate for MT. However, how many days are required to achieve complete sex change and whether withdrawal of amh supplementation leads to reverting back to ovaries still need to be determined.
In summary, amh plays an important role in sex reversal in grouper. Subsequent studies of the Amh signaling pathways are needed to explore the potential role of amh/amhrII in sexual differentiation and sex reversal to further understand the sex differentiation and sex reversal of bony fish. (A) E2 level in the control group, empty plasmid feeding group, and amh overexpression plasmid feeding group. (B) 11-KT level in the control group, empty plasmid feeding group, and amh overexpression plasmid feeding group. Data are expressed as the mean ± S.E.M from six fish samples. Statistical differences were estimated using one-way ANOVAs followed by Tukey tests (SPSS Software), and different letters denote statistically significant differences.
